Abstract. Experimental studies of neutrino oscillations by atmospheric and long baseline experiments are discussed. Present data from these experiments are explained well with 2 flavor νµ → ντ oscillations. Status and prospect for the non-zero θ13 searches are discussed. Once a finite θ13 is discovered, future experiments will study the CP violation and the mass hierarchy. Possible future experiments on these topics are discussed.
Introduction
Small but finite neutrino masses are believed to be related to physics at a very high energy scale [1] , [2] , [3] . The observed large neutrino mixing angles might be a hint for understanding physics at the very high energies [4] . Furthermore, the physics of neutrino masses might be related to the origin of the baryon asymmetry of the Universe [5] .
One of the most sensitive methods to observe small neutrino masses is to study neutrino flavor oscillations [6] , [7] . If neutrinos have finite masses, each flavor eigenstate (for example, ν µ ) can be expressed by a combination of mass eigenstates (ν 1 , ν 2 and ν 3 ). By measuring the neutrino oscillations, it is possible to get information on the mass-squared difference of the neutrino mass eigenstates and the mixing angle.
It is already more than 10 years since neutrino oscillations were discovered [8] . In this paper, we discuss the present status and the future prospect of neutrino oscillation studies with atmospheric and long baseline experiments. First, we discuss 2 flavor ν µ → ν τ oscillations. Later we extend our discussion to 3 flavor oscillations.
Status of atmospheric neutrino experiments
Atmospheric neutrino experiments have played a fundamental role in the discovery of neutrino oscillations [9] , [10] , [11] , [8] , [12] , [13] . As of this writing, the statistics of the atmospheric neutrino events are dominated by the data from Super-Kamiokande (Super-K). Therefore, we discuss the atmospheric neutrino results from Super-K. 1 Super-K have several stages. In the summer 2009, data from Super-K-III are used for the final physics analysis for the first time. The total exposure of the detector for fully-contained atmospheric neutrino analysis is 173 kton·yr. In the Super-K data, zenith-angle and energy 1 After the conference, the author learned that the new results from SNO on upward going muons [14] have been published. The neutrino induced down-going muon flux has been measured, due to the great depth of the detector. They constrain the flux of high energy atmospheric neutrinos. dependent deficit of ν µ charged current (CC) events has been observed. See Fig. 1 (left), which shows some sub-samples of the zenith angle distributions from Super-K. By fitting the zenithangle distributions from various sub-samples [15] , the oscillation parameters are accurately measured. Although, the Super-K zenith-angle data are explained well by oscillations, the sinusoidal oscillation pattern is not seen in the left panel of Fig. 1 due to the smearing. Therefore, Super-K carried out a dedicated L/E analysis using only high L/E resolution events [16] . Figure 1 (right) shows the L/E distributions from Super-K-I+II+III. The L/E distribution shows a dip around L/E = 500 km/GeV that corresponds to the first oscillation minimum. The distribution is used to compare the oscillation and other hypotheses. The neutrino decay [17] and decoherence [18] models are excluded at about 5 standard deviations. Due to the observation of the dip, the allowed oscillation parameter, especially ∆m 2 23 , region is also constrained strongly.
Number of Events

Long baseline experiments
Long baseline experiments have a fixed, well-known neutrino flight length. Therefore, in principle, long baseline neutrino oscillation experiments are much suited to estimate the ∆m 2 23 value accurately than the atmospheric neutrino experiments. K2K was the first long baseline neutrino oscillation experiment. Neutrinos were produced using a 12 GeV proton beam at KEK. These neutrinos were detected in Super-K, which was located 250 km distant from the neutrino production point. K2K observed an energy dependent deficit of muon neutrino events. The data were consistent with neutrino oscillations, excluding no oscillation at 4.3 σ [19] . The next long baseline neutrino oscillation experiment is MINOS. Neutrinos are produced by the 120 GeV Main Injector at Fermilab. The MINOS far detector is a 5.4 kton magnetized tracking detector, which is located 735 km away from the neutrino production point. In this experiment, the mean neutrino energy is tunable by adjusting the target position relative to the horn. Based on the presently known ∆m 2 23 value, MINOS uses the low-energy beam in order to get the best sensitivity.
The MINOS beam experiment started in 2005. The MINOS results have been reported using data until May 2007 [20] . The total number of protons on target used in the analyses so far is approximately 3.4×10 20 . Figure 2 shows the reconstructed neutrino energy spectrum for the selected CC ν µ candidates. A very clear deficit of events is observed with the dip position at around 1.5 to 2.0 GeV. The observed dip position makes it possible to measure ∆m 2 23 accurately. The observed energy spectrum also indicates that the neutrino disappearance probability obeys sinusoidal function as predicted by neutrino oscillations. Figure 3 shows the estimated allowed regions of 2-flavor ν µ → ν τ oscillation parameters from the atmospheric and long baseline neutrino oscillation experiments. We find that the allowed regions overlap very well, suggesting further that the standard neutrino oscillation scenario is valid. From this figure, we find that ∆m 2 23 is most accurately measured by the MINOS experiment, while the mixing parameter is still measured most accurately by the Super-K atmospheric neutrino experiment.
Finally, it should be mentioned that MINOS is a magnetized detector, and is able to measure neutrino and anti-neutrino events separately. Using this feature, MINOS has estimated the allowed region of the oscillation parameters based on the anti-neutrinos in the beam. The obtained result is essentially consistent with that based on the neutrino events [21] .
4. Search for non-zero θ 13 We discuss the 3 flavor oscillation effects. For simplicity, we neglect the effect of the oscillations related to ∆m 2 12 . Under this approximation, there are only three oscillation parameters; θ 13 , θ 23 and ∆m 2 13 (= ∆m 2 23 ). In this case, for example, the ν e → ν e and ν µ → ν e oscillation probabilities in vacuum can be written as:
The CHOOZ experiment searched for ν e disappearance in the reactor ν e flux based on Eq.1. The observed flux was consistent with the no-oscillation expectation. The upper limit on sin 2 2θ 13 was ∼0.15 [22] .
Recently, there are considerable interest in the experimental results on θ 13 . There is a slight tension between the solar and reactor measurements of θ 12 . If a finite value of θ 13 is allowed, the tension disappears [23] , [24] . Also, the MINOS results on the ν e appearance search show slight excess above the expected background [21] . These results suggest a relatively large θ 13 angle. However, due to the limited sensitivities, it is not possible to draw any clear conclusion with the present data. Much more sensitive experiments might be required to observe non-zero θ 13 unambiguously. If a finite value of θ 13 is observed, we understand the overall structure of the neutrino mixing matrix (except for the CP phase). Thus, θ 13 should be measured with a high priority. Furthermore, the measurement of θ 13 is very important for future neutrino oscillation experiments, which will be discussed in the next section.
Atmospheric neutrino experiments are also sensitive to θ 13 . The new results from Super-K do not show any evidence for non-zero θ 13 [25] , and the 90%C.L. allowed regions for the normal and inverted mass hierarchies are still weaker than the CHOOZ limit. In any case, future atmospheric neutrinos with much larger exposure are expected to be sensitive to θ 13 and other sub-dominant oscillation effects [26] , [27] . These studies reviled that atmospheric neutrino experiments are very important if the value of θ 13 is relatively large (as suggested by some recent data).
The accelerator long baseline experiments search for ν e appearance as the evidence for nonzero θ 13 . See Eq.2 for the approximate appearance probability. The T2K experiment [28] and the NOvA experiment [29] have high sensitivities to the ν e appearance.
T2K uses a high intensity, sub-GeV neutrino beam produced by the 30 GeV PS in the J-PARC accelerator complex. The designed beam power is 0.75 MW. The far detector is Super- Kamiokande. The baseline length is 295 km. The neutrino energy is tuned to the maximum oscillation energy using the off-axis beam technique. The proton beam was successfully accelerated to 30 GeV and extracted to the neutrino beam line hitting the neutrino production target. The T2K experiment will start the physics run either at the end of 2009 or in early 2010. NOvA is the long baseline experiment in the United States. This experiment plans to use the existing NuMI beam line at Fermilab. A beam power will be upgraded to about 1 MW. The far detector is a 15 kton fully-active, finely-segmented liquid scintillator detector. The baseline length is 810 km. In order to get the high flux at the oscillation maximum, this experiment also uses the off-axis technique. The peak neutrino energy is about 2 GeV. The NOvA experiment is under construction and is expected to start taking data before the mid 2010's.
These experiments have similar sensitivities in sin 2 2θ 13 . Assuming 5 years of data taking with the planed beam intensities, these experiments can find clear evidence for a non-zero θ 13 , if the true value of sin 2 2θ 13 is larger than ∼ 0.02. If there is no evidence for a non-zero θ 13 , they can set the upper limit of ∼0.01 on sin 2 2θ 13 .
Oscillation Physics Beyond θ 13
We assume that the next generation oscillation experiments will observe evidence for a nonzero θ 13 , suggesting sin 2 2θ 13 to be larger than ∼0.01. In this case, we know the approximate values of the three mixing angles. However, we believe that this should not be the end of the neutrino oscillation studies. In fact, there are still important and unknown neutrino oscillation parameters. One is the CP phase. According to the leptogenesis scenario [5] , the seed of the baryon asymmetry in the Universe is generated by the CP violating decay of the heavy Majorana particles of the see-saw mechanism. Therefore, it is generally believed that the measurement of the CP violation in the neutrino sector is a very important step forward for the understanding of the baryon asymmetry in the Universe. In addition to the CP violation, we should note that we do not know whether the ν 3 mass eigenstate is the heaviest or the lightest. This is also an important question to be addressed experimentally.
If θ 13 is non-zero, future large-scale long-baseline experiments can address these questions. Various possibilities for these experiments have been studied. One possibility for such experiments could be the Phase-2 of the T2K project [28] . The CP violation phase can be measured by observing the difference in the neutrino oscillation probabilities between ν µ → ν e and ν µ → ν e . To observe this effect, a huge detector (0.54 Mton fiducial mass, HyperKamiokande), and a beam power upgrade of J-PARC will be required. Due to the relatively short baseline length of 295 km and therefore due to a relatively small matter effect, the mass hierarchy may not be determined in this setup. The T2K experiment uses an off-axis beam. It is noticed that, with the present T2K beam-line configuration, the beam is simultaneously available in Kamioka (which is 295 km away from the target) and Korea (which is more than 1000 km away from the target). Studies have been carried out assuming the two detectors in Kamioka and Korea with 0.27 Mton fiducial mass for both detectors [30] , [31] .
The other study has been carried out in the United States, which assumed a 1300 km baseline between Fermilab and DUSEL at Homestake [32] . The beam power could be as high as 2 MW. The detectors used in this study are a 300 kton water Cherenkov detector and a 100 kton liquid Argon detector.
From these studies, it is understood that the CP phase and mass hierarchy can be determined by these future experiments if sin 2 2θ 13 is larger than ∼0.01 and if the baseline length is 1000 km or longer.
Summary
Studies of atmospheric neutrinos led to the discovery of neutrino oscillations in 1998. Since then, many atmospheric and long-baseline studies have contributed to the understanding of oscillations. Dominant ν µ → ν τ is already studied accurately. However, it is known that there are many interesting physics in the sub-dominant oscillations. They include θ 13 , the CP violated and the mass hierarchy. Therefore there are intense activities to study these effects. The immediate goal is the search for non-zero θ 13 . Experiments to search for non-zero θ 13 will start within a year or so. The subsequent big goals are the measurement of the CP violation and the determination of the mass hierarchy. The world community is working hard for the best strategy for these measurements.
